I. INTRODUCTION
Since their preparation in the early 1970s, 1 diamondlike carbon ͑DLC͒ thin films have been studied extensively, both by experimental and computational means. The primary reason for this interest is their unique properties. DLCs occur in a wide variety of compositions, ranging from real diamondlike materials to glassy carbon structures and hydrogenated polymeric films. 2 The diamondlike materials can be classified into two groups: "tetrahedral amorphous carbon," or ta-C, having a high hardness ͑Ͼ30 GPa͒, and a-C:H having a hardness in the range of 15-25 GPa. The ta-C films generally have a high hardness and Young's modulus, a low roughness, and a very low friction coefficient. 2, 3 When hydrogen is incorporated into this type of film, tetrahedral hydrogenated amorphous carbon, or ta-C:H, is obtained. These films are used, for example, as wear-resistant coatings, on, e.g., magnetic hard disks and optical components. Experimentally, these materials are often fabricated using an ion source, producing highenergy carbon or hydrocarbon ions ͑ϳ100 eV͒ bombarding the substrate. The high-energy ions can penetrate into the subsurface layers, causing a local increase in the density. The local bonding will then reform according to this new density, leading to a high sp 3 fraction. The softer type of materials, which can be referred to as ͑hydrogenated͒ amorphous carbon, or a-C͑:H͒, still exhibits a considerable hardness, with values of up to 25 GPa and even more, good adhesion, fracture toughness, and chemical stability 4, 5 and can be used as, e.g., solid lubricants. This type of films can be produced 2 by, e.g., plasma-enhanced chemical-vapor deposition ͑PECVD͒. In contrast to the deposition of ta-C͑:H͒, the ion flux fraction is lower than 100%, the exact value depending on the type of source used. 6 If high-energy ions are present, they can still contribute to the film growth by the same mechanism as for ta-C. However, in this case, also neutral species will contribute to the growth.
The contribution of the neutral species will depend on their individual sticking coefficients, which might depend on the ion flux. Diradicals can insert directly into surface C-C or C-H bonds, such that their sticking coefficient approaches 1. Monoradicals cannot insert directly into surface bonds but need a dangling bond at the surface. This dangling bond can be created by a removal of a hydrogen atom from a C-H surface bond either by ion displacement of H or by H abstraction. 7 Closed-shell neutrals show sticking coefficients close to zero, and their effect is negligible. In contrast to the subplantation mechanism in ta-C͑:H͒ growth, which is a physical process, the deposition mechanism of a-C͑:H͒ films occurs through a combination of physical subplantation and chemical surface reactions if ions are present or entirely through chemical reactions if no ions are present. Whether the subplantation mechanism will be operative under these conditions depends on the ion/radical flux ratio and the ion energy.
An efficient source to deposit a-C:H films is the socalled expanding thermal plasma 5, 8 ͑ETP͒. In this type of source, no substrate bias has to be applied to obtain highquality films, 9 with a hardness up to 14 GPa. Also, the deposition rate that can be achieved is very high, up to 70 nm/ s, while preserving the quality of the films. 5, 9 Most of the plasma chemistry and some of the particle-surface interactions have already been elucidated. 5, 9 It was established that the major growth species depend on the ratio ͑F͒ between the C 2 H 2 load and the Ar + and electron fluence emanating from the arc. At high C 2 H 2 flows ͑F Ͼ 1͒, it was established that C 3 and C 3 H are the major growth species, using threshold ionization mass spectrometry 10 ͑TIMS͒. Deposition then occurs at a high rate, up to 70 nm/ s, and films with a considerable hardness ͑14 GPa͒, refractive index ͑2.2͒, and low roughness ͑3.7 nm͒ are obtained. 5, 8 However, it was not established which isomers of C 3 and C 3 H are actually present in the plasma and/or deposit on the surface of the growing film.
For both species, two relatively stable isomers can be distinguished: the linear isomers, l-C 3 and l-C 3 H, and the cyclic isomers, c-C 3 and c-C 3 H ͑cf. Fig. 1͒ . In the gas phase, these species are relatively unreactive. 11 At an a-C:H surface, however, they become very reactive, as will be shown later. Also, due to their totally different structure, they will exhibit different reaction mechanims with the surface. For example, the cyclic radicals are much less stable as compared to the linear species. Also, the carbon atoms in the cyclic radicals are more reactive than their counterparts in the linear species, due to their bonding configuration. Whether or not these radical-dependent factors and the corresponding reaction mechanisms codetermine the resulting film properties has not yet been investigated. Furthermore, the investigation of the reaction behavior of these species might also be important for other deposition techniques and in other fields, such as in interstellar space chemistry, since these species are relatively abundant in interstellar space. 12 In this article, we have used molecular-dynamics ͑MD͒ simulations to elucidate the influence of the chemical structure of the different radical isomers on the resulting film structure, as well as their reaction mechanism with the a-C:H surface. Previously, we have already demonstrated that MD simulations can provide a tool to better understand the growth of this type of films under the ETP relevant conditions. 13 The outline of the paper is as follows. In the following section, the MD simulation model is outlined. In Sec. III, we will present the results of the reaction characteristics of the different radical isomers. Finally, conclusions will be drawn in Sec. IV.
II. DESCRIPTION OF THE MODEL
The model used for this investigation was developed by Serikov et al. 14 and subsequently modified to increase the calculation speed. The interatomic potential used is the wellknown Brenner potential for hydrocarbons. 15 In the MD methodology, the atoms in the system are followed through space and time by integrating Newton laws. The atoms move under the influence of forces, taken as the negative of the analytical derivative of the interatomic potential. The integration scheme used is the velocity-Verlet algorithm. 16 Growth of the layers was obtained in the following manner. At first a substrate is defined. This initial substrate consists of 384 C atoms, forming a 2 ϫ 1 reconstructed ͕111͖ diamond surface, equilibrated at 100 K. The bottom two atomic layers ͑128 atoms͒ are kept fixed to simulate a thick substrate and to anchor the simulation cell. Subsequently, a growth particle ͑l-C 3 , c-C 3 , l-C 3 H, or c-C 3 H͒ is selected and placed above the substrate, beyond the cutoff of the potential. The ͕x , y͖ position of the growth particle is chosen on the basis of two random numbers. The rotational angles of the particle are also determined randomly. Each species is given a kinetic translational energy of 0.13 eV, and an internal energy of 0.026 eV, partitioned among the vibrational and rotational motions. A time step of 0.2 fs is applied for the integration, and each particle impact was followed for 2 ps. During this time, the particle can either stick on the surface, reflect from the surface, or abstract atoms from the surface. After 1.6 ps, a heat bath based on the algorithm of Berendsen et al., 17 set at 100.0 K, was applied to dissipate the excess energy from the system. After 2 ps, atoms not bound to the substrate are removed, and a new impact is initiated on the resulting structure from the previous impact. After the films are deposited, they are analyzed as described below.
Five conditions have been investigated. These conditions are given in Table I, deposit the film and their relative fluxes. For every impact, the choice of the impinging particle is determined using a random number and based on these relative fluxes. The conditions were chosen specifically to test how the deposition and the resulting film change as the ratio between linear and cyclic growth species changes. For the growth of the first film, simulated using l-C 3 and l-C 3 H as the growth species, 2879 particle impacts were performed, which consist of 2065 l-C 3 and 814 l-C 3 H impacts. Hence, this film is deposited using only linear species for the growth.
In the deposition of the second film, using l-C 3 and both the C 3 H isomers, 2024 l-C 3 , 410 l-C 3 H, and 385 c-C 3 H were used, adding up to 2819 impacts in total. This adds up to about 15% of cyclic particles contributing to the film growth.
For the third film, using l-C 3 and c-C 3 H as growth species, 2331 impacts have been performed, which consist of 1636 l-C 3 and 695 c-C 3 H impacts. For the growth of this film, the contribution of the cyclic species is now increased to about 30%.
In the fourth film, using both C 3 isomers and both C 3 H isomers, 2256 impacts were performed in total which consist of 816 l-C 3 , 320 l-C 3 H, 804 c −C 3 , and 316 c-C 3 H impacts. Hence, about an equal amount of linear and cyclic species was used to deposit the film.
Finally, 1802 impacts were performed to simulate the fifth film, which consist of 1295 c-C 3 and 507 c-C 3 H impacts. Hence, this film is entirely grown starting from cyclic particles.
The film deposited using l-C 3 and l-C 3 H as growth species will be called "film 1;" hereafter, the film deposited using l-C 3 and c-C 3 H will be called "film 2." Further, the simulated film using the l-C 3 , l-C 3 H, and c-C 3 H growth species is called "film 3." The film simulated using l-C 3 , c -C 3 H,l-C 3 H, and c-C 3 H as growth species is called "film 4." The last film, deposited using c-C 3 and c-C 3 H as growth species, will be called "film 5" hereafter. All films were grown until they reached a thickness around 18 nm.
From the numbers given above, it is already clear that the linear and the cyclic species have different sticking coefficients: almost 2900 impacts were needed to grow the first film, grown entirely from linear species and has a thickness of about 17 nm. On the other hand, only 1800 impacts were needed to grow the fifth film, which was grown starting from cyclic species only and has a thickness of about 19 nm. Below we will discuss the sticking probabilities in detail.
III. RESULTS AND DISCUSSION

A. Calculated film properties
In Fig. 2 , the calculated structure of film 1 is shown as an example. The left-hand side of the picture depicts the structure as it is deposited in total; the right-hand side shows a more detailed view of two regions in the film. As can be seen, the film does not show much cross-linking ͑i.e., virtually no four-coordinated C atoms are present͒ but rather forms a chainlike network of sp-and sp 2 -bonded carbon atoms, identifying one-and two-coordinated C atoms with sp carbons and three-coordinated C atoms with sp 2 carbons.
This leads to porous structures. This is a general feature of the films deposited, which was observed in all five films grown ͑not shown͒. The microscopic details, however, depend on the applied conditions. While the overall structure of all five films is similar, they differ from each other in their microscopic structure. For example, in the first film, it can be seen from the detailed pictures ͑right-hand side͒ that there are several transitions visible in the structure; very close to the substrate, a relatively dense structure is formed, followed by a region of very low density. Finally, the "equilibrium" structure is formed, showing a higher density. It should be emphasized that these structures are formed keeping the deposition conditions ͑temperature, species, species fluxes, etc.͒ constant. Although different from one another, similar transitions are also observed in the other films. Averaged over the bulk region of the films, the calculated density of the films is between 1.1 and 1.2 g cm −3 ͑cf. Table II͒. A maximum film density is observed in the third film, which was grown using a ratio of about 70/ 30 between the linear and the cyclic radicals. Experimentally, 10 the density was found to be in the range of 1.5-1.7 g cm −3 . However, the hydrogen content in the experimentally deposited films is about 30%, which can only be accounted for if an additional H flux towards the substrate is present. Preliminary MD simulations have shown that an additional H flux could increase the density. In the future work, the effect of this additional H flux will be thoroughly investigated. In the films deposited in this work, the H content is about 8%. During the radical impacts, no H atoms are eliminated from the surface. Hence, the stoichiometry of the film is entirely due to the stoichiometry within the particle fluxes.
The general structure of the films is further characterized by the coordination numbers of the carbon atoms. The average carbon coordination numbers Z C and the sp 1 and sp 2 carbon fractions are given in Table II . Z C as a function of film thickness is shown in Fig. 3 . It is clear from the table that the predicted structures are entirely composed of twoand ͑especially͒ three-coordinated C atoms. Both Table II and Fig. 3 show that the C-coordination number is the lowest in film 1, in agreement with the low density, increases as the fraction of cyclic species increases, and reaches a plateau when the flux of the cyclic species is about 30% of the total species flux towards the substrate. Besides the C-coordination numbers, it is interesting to consider the distribution of C-C coordinations. For example, if a hard film is desired, one would try not only to maximize the sp 3 fraction in the film but, more importantly, to increase the fraction of sp 3 C atoms bonded to other sp 3 C atoms. In  Fig. 4 , the C-C coordination is shown for the five films. It can be seen in Fig. 4 that there is a clear shift in their bond distributions. The fraction of 2-2 C-C bonds ͑i.e., the fraction of C-C bonds that connect a two-coordinated carbon atom to another two-coordinated carbon atom͒ decreases as the fraction of cyclic species sticking to the surface increases, corresponding to an increase in the fraction of 3-3 C-C bonds. This is directly related to the sticking mechanism of the different isomers, as will be explained in Sec. III B. Figure 5 presents the calculated fractions of C-C bond energies, relative to the total number of C-C bonds. Note that the single C-C bond as in ethane has a bond strength of about 3.6 eV, a double C-C bond as in ethene 6.4 eV, a triple C-C bond as in ethyne 8.7 eV, a conjugated C-C bond as in benzene 5.2 eV, and a C-H bond as in methane about 4.3 eV.
All films contain virtually only two-and threecoordinated C atoms, and there are practically no C-C bonds stronger than 6.5 eV. Hence, triple bonds are entirely absent in all films. It is also clear from the figure that as the fraction of deposited linear species decreases, the fraction of "true" double C-C bonds decreases. While this fraction is about 0.32 in film 1 ͑deposited using only linear species͒, it is only about 0.12 in film 5 ͑deposited using only cyclic species͒. These double bonds can be attributed almost exclusively to two-coordinated C atoms. Although a three-coordinated C atom also forms either one double bond and two single bonds or two double bonds, these bonds are conjugated, which explains the increasing fraction of bonds around 5.0 eV as the fraction of sticking cyclic species increases. Moreover, the fraction of single bonds, with an energy of about 3.5 eV, is negligible. Hence, it can be concluded that the three-coordinated C atoms form three similar bonds, resulting in a kind of polymeric structure.
B. Deposition characteristics of the l-C 3 , c-C 3 , l-C 3 H, and c-C 3 H radicals
From the short analysis of the films given above, it becomes clear that the films are not very different from each other with respect to their general structure ͑i.e., comparable density and coordination fractions͒, but they do differ with respect to their microscopic structure ͑i.e., the C-C coordination distribution͒. Both the similarities and the differences can be explained by considering the actual growth of the film and, in particular, the role of the reaction mechanisms of the different isomers with the structures formed.
The linear C 3 and C 3 H radicals
The l-C 3 radical is a depositing species in films 1-4. It has a moderate sticking coefficient between 0.4 and 0.5. The l-C 3 H species deposits in films 1, 2, and 4 and has a sticking coefficient between 0.3 and 0.4. The calculated values for the different films are given in Table III. From this table, 
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clear that their reactivity increases as the fraction of depositing cyclic species increases, as is especially clear for the C 3 radical. Moreover, when the fraction of depositing cyclic species increases, the l-C 3 radical sticks more with two atoms instead of one, indicative of a more reactive surface. In about 85% of its sticking events, it sticks with one of the outer carbon atoms and in about 13% of the events with both of the outer carbon atoms. The middle carbon atom is fully bound, inducing repulsive forces between this atom and the surface during impact. Hence, the middle carbon atom is virtually never involved in bonding to the surface. 18 The outer carbon atoms on the other hand have electrons not participating in the interatomic bonds in the gas phase, such that these are available for bonding to the surface. The average sticking energy for the C 3 radical is −5.29 eV when it sticks with one atom and −9.96 eV when it sticks with both outer carbon atoms. The situation is somewhat different for the l-C 3 H radical. While the l-C 3 radical has two equivalent carbon atoms available for binding to the surface, one of the outer C 3 H radical carbon atoms is shielded by the H atom, leaving only one carbon atom readily available for binding to the surface.
This explains its lower reactivity as compared to the C 3 radical. On average, its sticking energy is −5.21 eV.
When the l-C 3 radical sticks to the surface with one of its outer carbon atoms, the interatomic bond connecting the middle carbon atom and the surface binding atom becomes stronger with on average about 1.2%. The other bond, connecting the middle carbon atom and the atom that is not connected to the surface, becomes weaker with about 1.4%. When both outer carbon atoms are binding to the surface, both the intramolecular bonds become stronger, although only by about 0.5% or less. An example of the evolution as a function of time of the different l-C 3 H bonds is shown in Fig. 6 .
In the case of the l-C 3 H radical, the interatomic bond between the binding atom ͑almost invariably the outer, nonhydrogen-carrying C atom͒ and the central C atom becomes stronger with a value between 0.7% and 1.3%, increasing as the fraction of cyclic depositing species increases. The other interatomic C-C bond becomes weaker with more than 1.6%.
If the C 3 radical sticks to the surface, the sticking atom becomes two coordinated. Hence, irrespective of how the radical sticks to the surface, the radical atoms do not become three coordinated upon impact. Obviously, they can become three coordinated as a result of later impacts. While the H-carrying C atom in the C 3 H radical could become three coordinated if it would bind to the surface, this mechanism almost never occurs, such that also the C 3 H radical does not promote the sp to sp 2 shift of one of its atoms. This explains the chainlike structures of films 1 and 2. ͑In film 2, only a fraction of 0.143 of the impacting species has a cyclic structure.͒ 
The cyclic C 3 and C 3 H radicals
While the analysis of the impact behavior of the linear isomers is relatively straightforward, the cyclic isomers show a more complex behavior. Nevertheless, several general trends can be observed.
First of all, it should be pointed out that the cyclic radicals are structurally unstable. The ring strain in the cyclopropane molecule ͑cyclic C 3 H 6 ͒, for example, is about 1.2 eV, lowering the bond strengths with about 32% as compared to the linear propane molecule. In c-C 3 and c-C 3 H the bond strengths are lowered even more by about 50% relative to the bonds in the linear isomers. Second, each carbon atom in the cyclic radicals has at least one electron available to share in chemical binding to the surface, contrary to the linear isomers. Hence, it is predicted that the reactivity of the cyclic isomers should be higher than the reactivity of the linear radicals. This is indeed substantiated by our simulations, as can be seen in Table III . Further, the reactivity of c-C 3 should be higher than that of c-C 3 H, since the H atom on c-C 3 H partially shields one carbon atom from binding to the surface. This effect is also seen in the simulations.
The cyclic C 3 radical is a growth species in films 4 and 5, showing a sticking coefficient of 0.67 and 0.74, respectively. In more than 70% of its sticking events, it sticks with one atom, to be compared with the value of 85% for the linear isomer. In the remaining 30% of its sticking events, the c-C 3 radical sticks with two atoms to the surface. This is a consequence of the fact that all of its carbon atoms are available for binding to the surface, contrary to the linear C 3 species. Hence, the reactivity and sticking behavior of the cyclic radical is unaffected by the exact orientation of the radical relative to the surface, which is not the case for the linear isomer. When the c-C 3 radical sticks to the surface with one atom, the sticking energy is on average −5.37 eV; when two bonds to the surface are formed, the average sticking energy is −10.18 eV.
Upon impact, the c-C 3 molecule easily breaks up; in about 70% of its sticking events, the molecule first binds to the surface, immediately followed by breaking of one of the intramolecular bonds. An example of this process is shown schematically in Fig. 7 . The figure shows that the c-C 3 radical can, in fact, become three coordinated upon impact, contrary to the linear isomer. Cyclic radicals that remain intact upon impact can break up due to later impacts as well. Only a small fraction ͑Ͻ5%͒ will remain intact. As mentioned above, the driving force for this breakup is the ring strain in this radical. When an intramolecular bond is broken, the ring strain is relieved, and a linear species is formed. Hence, the interatomic bond strengths in the radical are strongly increased, comparable to the bond strengths in the linear radicals ͑ϳ5 eV͒. As a result, the single bonds of the gas phase cyclic radicals are converted into double bonds, leading to the bond energy histogram, as shown in Fig. 5 .
As mentioned above, the linear C 3 radicals almost invariably stick with one of the outer carbon atoms, leading to two-coordinated surface binding radical atoms upon impact. In contrast, in the case of a cyclic C 3 radical, the surface binding radical atom becomes three coordinated in more than 40% of the sticking events. This effect promotes the sp to sp 2 shift of one of the atoms of the impacting c-C 3 radical. It can be concluded that this effect, together with the enhanced reactivity, induces the higher sp 2 fraction in the films deposited partially from cyclic radicals, as compared to the films deposited by mainly linear species.
The c-C 3 H radical deposits in films 2-5. The general picture for c-C 3 remains largely unchanged when considering the c-C 3 H radical. That is, a severe ring strain is present in the molecule, causing the molecule to easily break up upon impact, and the absence of a fully bonded C atom that would induce repulsive forces. Both factors enhance its reactivity as compared to the l-C 3 H radical. Similar to the effect of the H atom in l-C 3 H radical, the H atom in c-C 3 H radical partially shields the carbon atom attached to it from the surface. Hence, most sticking events happen with one of the non-H-carrying C atoms ͑Ͼ80% in films 2 and 4͒. In film 3, this percentage of sticking with one atom is reduced to 77% and in film 5 to 74%. Similar to the c-C 3 radical, the remaining of its sticking events involves the formation of two bonds, connecting two radical atoms to the surface. Sticking to the surface with one atom involves an energy of −5.30 and −9.88 eV when sticking with two atoms.
The break-up mechanism occurs in only about 60% of its sticking events in films 2 and 4, to be compared with 70% for the c-C 3 radical. In the third film, the c-C 3 H radical breaks up in 64% of its sticking events and in 73% in the fifth film. Hence, except for the fifth film, the break-up percentage of c-C 3 H radical is reduced by 5%-10% as compared to the c-C 3 radical. FIG. 7 . Schematic representation of the sticking and breaking up of an impacting cyclic C 3 radical. In this illustration, the C 1 -C 3 bond breaks up, but obviously the C 1 -C 2 or C 2 -C 3 bonds can also break up upon impact.
IV. CONCLUSION
Molecular-dynamics simulations have been performed to investigate the sticking behavior and the reaction mechanisms of the linear and cyclic isomers of C 3 and C 3 H species.
We have investigated how the different structure of the C 3 and C 3 H species results in different sticking mechanisms on an a-C:H surface. We have shown that ͑1͒ the cyclic species are always more reactive as compared to the linear species, resulting in higher sticking coefficients; ͑2͒ the cyclic species always have one reactive carbon atom more than their linear counterparts, due to their bonding configuration; and ͑3͒ the cyclic species are geometrically less stable than the linear species. This results in the cyclic radicals frequently breaking up, enhancing their reactivity; and ͑4͒ the C 3 radicals are more reactive than the C 3 H radicals, due to steric hindrance of the H atom, shielding the C atom from the surface.
The resulting film properties for different flux ratios of cyclic C 3 and C 3 H have also been investigated. It is shown that the deposited films have a low density and show low cross-linking. When predominantly linear growth species are used, a more chainlike structure evolves. Increasing the percentage of cyclic species impacting and sticking on the surface, the fraction of three-coordinated C atoms increases, at the expense of the two-coordinated fraction. A maximum film density is obtained using a 70/ 30 mixture of linear and cyclic radicals.
Finally, under the growth conditions used, i.e., only C 3 and C 3 H contribute to growth, it has also been shown that the H elimination through incoming radicals does not occur; hence, the stoichiometry of the films is determined entirely through the stoichiometry of the sticking species.
These results have important implications to understand thin a-C:H film growth from ͑at least partially͒ low-energy hydrocarbons, as is, e.g., the case in an Ar/ C 2 H 2 expanding thermal plasma. Furthermore, the results provide important values for sticking probabilities, which are needed for plasma simulations.
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